In a recent article by Laggner et al., 1 they evaluated the applicability of second harmonic generation (SHG) imaging in the assessment of morphological and functional changes after riboflavin (RF) and ultraviolet (UV) irradiation-sensitized human corneal collagen cross-linking (CXL). To increase the efficacy of CXL through better penetration of RF into the corneal stroma, delivery of RF with iontophoresis was also proposed by Arboleda et al. 2 While a large amount of clinical evidence demonstrates the safety and efficacy of CXL, 3 there is no analytic formula available for predicting or analyzing the clinical outcomes. This letter will provide formulas to analyze certain important aspects of the results shown by Laggner et al., 1 such as the roles of RF distribution profiles and the increased biochemical strength by higher RF doses.
It was known that the efficacy of the CXL process is related to the photoinitiation rate 4 of RF defined by the product of the UV light intensity (I) and the RF concentration (C), R(z,t) ¼ 2a/I(z,t)C(z,t), where z ¼ 0 defines the corneal surface and t is the UV light exposure time; a is the extinction coefficients of RF at the UVA wavelength (approximately 370 nm), and / is the quantum yield. As shown in the Figure, the numerical solution of the normalized RF concentration profile at various exposure time t for an initial RF concentration profile given by C(z,t ¼ 0)
with D being the penetration depth of RF inside the corneal stroma, or the RF dosage defined by Laggner et al. 1 It should be mentioned that t ¼ 0 is defined as the time right before the UV light exposure and after approximately 20 minutes of RF diffusion time into the stroma.
The Figure shows that depletion of RF starts from the surface layer (at z ¼ 0) and gradually goes into the stroma volume. It should be noted that the central regime of 150 to 250 lm is the last portion cross-linked; that is, it absorbs more energy dose than other portions and is the major CXL regime, consistent with the measured feature of Laggner et al. 1 The efficacy of CXL may be also defined by a crosslinking time (T*) in which RF concentration at a given stroma depth (z) is reduced to C(z,t ¼ T*) ¼ C 0 F(z)exp(-M). Our numerical simulation fit to an analytic formula: T* ¼ (T 0 /S)exp(0.9Az), where The efficacy may be also related to the total energy dose during the exposure time of T*, defined by E ¼ T*I 0 , which is an exponential increasing function of zC 0 and the penetration depth (D). Therefore, the factors determining the efficacy of CXL include the initial concentration and profile of RF inside the corneal stroma and the intensity and exposure time of the UV irradiation. The above described features are consistent with the clinical outcome of Laggner et al. 1 My formulas show that high CXL efficacy may be achieved by larger intensity, longer UV exposure time, or higher concentration dose. However, CXL must be performed within the safety dose defined by E* ¼ (E 0 /S)exp(0.9Az), where E 0 is the cytotoxic energy threshold of endothelial cells, reported to be 0.32 and 0.65 J/cm 2 , for rabbit and human corneas. 5 Therefore, the safety condition is given by M < 4 for / ¼ 0.1 in human corneas. For a typical penetration depth D ¼ 300 lm and corneal thickness z ¼ (350, 400, 450) lm, the safety dose E* ¼ (3.8, 4.7, 5.6) J/cm 2 for C ¼ 0.1%, which increases to E* ¼ (7.4, 9.3, 11.5) J/cm 2 for a higher C ¼ 0.2%. Finally, it should be noted that the commonly accepted criteria of corneal thickness larger than 400 lm under a fixed dose of 5.4 J/cm 2 is just one of my safety conditions, and requires high RF concentration (C > 0.1%) and large penetration depth D > 300 lm. Greater detail will be shown elsewhere. 5 To conclude, I have presented analytic formulas showing the roles of RF concentration (C) and its penetration depth (D), UV light intensity (I) and energy (or dose, E) on the efficacy and safety of CXL. The formulas, presented for the first time, may be used as guidance in predicting the clinical outcomes of CXL.
